Adipose tissue, the energy reserve organ, plays a global role in regulating energy metabolism in organisms (Hwang et al. 1997) . Mature white adipocytes express proteins related to the regulation of lipid and carbohydrate metabolism, and secretory cytokines and hormones that affect energy metabolism in other tissues. Another tissue that plays a critical role in regulating energy metabolism is brown adipose tissue, which controls energy balance by thermogenesis through the unique action of uncoupling protein (UCP) 1, which is highly expressed in this tissue (Himms-Hagen, 1990 ). Conceivably, alterations in the expression of proteins regulating lipid and carbohydrate metabolism and energy expenditure in these tissues affect the development of obesity and related diseases.
One dietary factor affecting body fat mass and the functions of white and brown adipose tissue is the dietary fat type. Recent studies indicated that, compared to saturated fats and fats rich in polyunsaturated fatty acids (PUFA) of n-6 series (linoleic acid), ®sh oil rich in very-long-chain n-3 PUFA (eicosapentaenoic and docosahexaenoic acids) (Belzung et al. 1993; Oudart et al. 1997; Raclot et al. 1997; Kawada et al. 1998 ) and perilla oil rich in a-linolenic acid (Okuno et al. 1997 ) reduce white fat pad mass. Regarding the mechanism by which n-3 PUFA cause less body fat accumulation, some studies (Oudart et al. 1997; Kawada et al. 1998) have indicated that they increase thermogenesis in brown adipose tissue. It has also been demonstrated that, compared to dietary fats rich in linoleic acid, ®sh oil increases insulin-stimulated glucose transport and metabolism in isolated white adipocytes (Ezaki et al. 1992; Luo et al. 1996; Huang et al. 1997) . It is apparent therefore that n-3 PUFA affect adipose tissue metabolism. It is plausible that n-3 PUFA modify gene expression of proteins that regulate adipose metabolism and thereby exert their physiological activity. However, information regarding the effect of dietary fats rich in n-3 PUFA on gene expression of white and brown adipose tissues is still rather scarce (Okuno et al. 1997; Raclot et al. 1997) . In this context, we compared the effects of a low-fat diet and high-fat diets containing saf¯ower oil rich in linoleic acid, perilla oil rich in a-linolenic acid, and ®sh oil rich in very-long-chain n-3 PUFA on the abundance of mRNA for proteins regulating energy expenditure and lipid and carbohydrate metabolism in white and brown adipose tissues. We analysed mRNA levels of UCP 1, leptin, glucose transporter (Glut) 4, and lipoprotein lipase (LPL). Mitochondrial protein called UCP 1, which is solely expressed in brown adipose tissue, induces non-shivering thermogenesis by creating a pathway that allows dissipation of the proton electrochemical membrane (Nicholls & Locke, 1984) . Leptin is the product of the ob gene (Zhang et al. 1994) and is one of the regulators of food intake and body fat mass. Glut 4 is the insulin-responsive glucose transporter and plays an important role in whole-body glucose homeostasis (Ezaki et al. 1992; Kahn, 1994) . LPL is responsible for catabolism of the triacylglycerol core of circulating chylomicrons and VLDL into non-esteri®ed fatty acids and glycerol (Ramsay, 1996) . Adipocytes take up liberated fatty acids and esterify them into triacylglycerol for storage purposes. As these proteins play a crucial role in regulating adipose tissue metabolism, examination of mRNA level for these proteins in rats fed fats rich in n-3 PUFA may clarify the mechanism by which n-3 PUFA exert physiological activity in regulating white pad mass and glucose metabolism.
Materials and methods

Animals and diets
Male Sprague-Dawley rats, purchased at 5 weeks of age (Charles River Japan, Kanagawa, Japan), were housed individually in a room with controlled temperature (20± 228), humidity (55±60 %), and lighting (lights on from 07.00 hours to 19.00 hours) and fed on a commercial nonpuri®ed diet (Type NMF, Oriental Yeast, Tokyo, Japan). After 7 d of acclimation to the housing conditions, rats were randomly divided into four groups consisting of seven animals each and fed on a puri®ed diet containing 20 g saf¯ower oil/kg or diets containing 200 g saf¯ower, perilla or ®sh oil/kg for 21 d. The basal composition of the experimental diet is shown in Table 1 . Dietary fats were added to experimental diets in lieu of sucrose. The fatty acid compositions of dietary fats are shown in Table 2 . Body weight at the start of the experiment was 199±216 g. We followed the guidelines of our Institute in the care and use of laboratory animals.
Preparation of cDNA probes
Reverse transcription followed by polymerase chain reaction was performed to prepare cDNA probes for UCP 1, leptin, Glut 4, and LPL using a kit (Gene Ampt RNA PCR kit, Perkin Elmer, Foster City, CA, USA) as recommended by the manufacturer. First-strand cDNA synthesized from white adipose tissue RNA was used for the polymerasechain-reaction ampli®cation of probes for leptin, Glut 4, and LPL. A probe for UCP 1 was prepared by PCR ampli®cation using ®rst-strand cDNA synthesized from brown adipose tissue RNA. Primers used for polymerase-chain-reaction ampli®cation of cDNA probes were designed based on reported cDNA sequences James et al. 1989; Brault et al. 1992; Ogawa et al. 1995) . DNA sequences of upstream and downstream primers were: 59-CAGACATCATCACCTTCCCG-39 and 59-AAGTCGCCT-ATGTGGTGCAG-39 for UCP 1; 59-TCCAAGAAGAAGA-AGACCCCA-39 and 59-GAGGAGTAGGAGAAACGGAC-39 for leptin; 59-GACACTGGTCCTTGCTGTAT-39 and 59-CATCAGACACATCAGCCCAG-39 for Glut 4; 59-TG-TCTAACTGCCACTTCAACC-39 and 59-TTACTGCTT-CTCTTGGCTCTG-39 for LPL. DNA sequences of the ampli®cation products were partially determined by direct sequencing to con®rm their identities with reported cDNA sequences of corresponding proteins. Polymerase-chainreaction products were puri®ed by agarose gel electrophoresis and used as probes to detect mRNA for the respective proteins. cDNA probe for b-actin was obtained from Wako Pure Chemicals, Osaka, Japan.
RNA extraction and analysis
At the end of the experimental period, rats were anaesthetized with diethyl ether and killed by bleeding from the abdominal aorta. Epididymal and perirenal white adipose tissues and interscapular brown adipose tissue were quickly excised. Brown adipose tissue was carefully cleaned from 176 Y. Takahashi and T. Ide Homogenates were centrifuged at 2000 g for 10 min. Infranatants below the¯oating fat layer were processed to extract RNA according to the method of Chomczynski & Sacchi (1987) . RNA samples were denatured and applied to a nylon membrane using a slot-blot apparatus (Bio-Rad Laboratories, Hercules, CA, USA) and ®xed with u. v. irradiation. Northern-blot analysis was conducted by standard procedures. RNA samples were denatured and electrophoresed on an agarose gel (11 g/l) containing 0×66 M-formaldehyde, subsequently transferred to a nylon membrane and ®xed with u.v. irradiation. Equal loading and integrity of RNA samples were con®rmed by ethidium bromide¯uorescence of ribosomal 18S and 28S RNA. mRNA on nylon membrane were detected using cDNA probes labelled with [a-32 P]dCTP. A kit purchased from Takara Co., Kyoto, Japan (Random Primer DNA Labeling Kit Ver. 2.0) was used for DNA radiolabelling. RNA hybridized with speci®c cDNA probes was analysed and quanti®ed using an imaging analyser (Bio-Rad Laboratories).
Lipid analysis
Serum lipids were extracted and puri®ed (Folch et al. 1957) . Triacylglycerol and phospholipid concentrations in extracts were determined as described elsewhere (Ide et al. 1978) . Serum cholesterol and glucose concentrations were assayed using commercial enzyme kits (Wako Pure Chemical, Osaka, Japan). Fatty acid compositions of dietary fats and white adipose tissues were determined by GLC as described elsewhere (Ide et al. 1978) .
Statistics
Levene's test was used to inspect the constancy of the variance of the observations. If variances were heterogeneous, the observations were transformed logarithmically and these values were used for subsequent statistical evaluations. Logarithmic transformations were successful in making the variance of the observations constant. The data were analysed by one-way ANOVA and subsequently examined for signi®cant differences of the means with a pooled estimate of variance (Snedecor & Cochran, 1989; Ide et al. 1994) . Signi®cance of correlation between white pad mass and mRNA level was estimated as described by Snedecor & Cochran (1989) using calculated value of correlation coef®cient.
Results
There was no difference in growth among the groups (Table 3 ). The amount of diet consumed was signi®cantly higher in the low-fat than the high-fat groups. Among the high-fat groups, it was signi®cantly higher in rats fed on saf¯ower oil than in those fed on ®sh oil. However, no other signi®cant difference was noted among the groups of rats fed on high-fat diets. Spillage of diets, if any, was minimal in our experimental conditions. Gross energy intake was signi®cantly higher in rats fed on a high-saf¯ower-oil diet than in those fed on a low-fat or high-®sh-oil diet.
Perirenal white adipose tissue weight was signi®cantly higher in rats fed on a diet containing 200 g saf¯ower oil/kg than in those fed on a low-fat diet. Epididymal white adipose tissue weight tended to be higher in the highsaf¯ower-oil diet group than in the low-fat group. However, white adipose tissue weight in rats receiving diets containing 200 g fats rich in n-3 PUFA/kg, i.e. either perilla or ®sh oil, was comparable to or even lower in one occasion (epididymal depot in rats fed on ®sh oil) than the value in rats fed on a low-fat diet. As a result, both epididymal and perirenal tissue weights were signi®cantly lower in the perilla and ®sh-oil groups than in the saf¯ower-oil group among the rats fed on high-fat diets. Brown adipose tissue weight did not vary among the groups.
In a preliminary study, we analysed RNA extracted from epididymal white adipose tissue, brown adipose tissue, liver, and heart in rats fed on a laboratory chow by Northern blotting using cDNA probes prepared by reverse transcription 177 n-3 Fatty acids and adipose tissue mRNA level a,b,c Mean values within a row with unlike superscript letters were signi®cantly different, P , 0×05. * For details of diets see Tables 1 and 2 . ² Values were logarithmically transformed before analysis by ANOVA, and transformed values were inspected for signi®cant differences of means.
and polymerase-chain-reaction ampli®cation. UCP 1 mRNA was detected only in brown adipose tissue among the tissues examined. Leptin gene expression was the highest in white adipose tissue, and a weak but signi®cant mRNA signal was detected in brown adipose tissue, but not in the heart or liver. The mRNA signal for Glut 4 was detected in white and brown adipose tissue and the heart but not in the liver. The intensity of the mRNA signal for LPL was the highest in white adipose tissue, and less intense but signi®cant in the heart and brown adipose tissue, while negligible in the liver. These results agree with the previous observations (Jacobsson et al. 1985; James et al. 1989; Semenkovich et al. 1989; Zhang et al. 1994) regarding the tissue distribution of mRNA for the respective proteins and thus con®rm the speci®city of our cDNA probes. Size of mRNA has been reported to be 4×5 kb for leptin , 2×8 kb for Glut 4 (James et al. 1989) , and 3×6 kb for LPL (Kirchgessner et al. 1987) respectively. The values as estimated using 18S and 28S ribosomal RNA as relative molecular mass markers in the present study, conformed with those previously reported. There are two mRNA for UCP 1 differing in relative molecular mass in rodents (1×6 and 1×9 kb for rats and 1×3 and 1×7 kb for mouse). However, in the present study, our probe detected only a smaller isoform of UCP 1 mRNA. In this context, it has been reported that smaller isoform predominates under various nutritional and physiological conditions (Ricquier et al. 1984 Bouillaud et al. 1985; Martin et al. 1995) .
As preliminary experiments con®rmed the speci®city of our cDNA probes, mRNA abundance was analysed by slotblot hybridization using duplicated membranes for each probe. Values for each tissue were expressed relative to a value of 100 for rats fed on a low-fat diet. Because of the large number of samples to be analysed in this study, it was not possible to load all the RNA samples from all tissues in a same membrane. Accurate estimation of the differences in the mRNA abundances among tissues was therefore dif®cult in this study. We analysed the RNA from epididymal and perirenal white adipose tissues, and brown adipose tissue in rats fed on a low-fat diet in the same membrane to estimate the differences in the mRNA level among these tissues. UCP 1 mRNA was detected in brown adipose tissue, but not in white adipose tissue. Leptin mRNA abundance was approximately the same in perirenal and epididymal white adipose tissues, and Glut 4 mRNA level was 50 % higher in perirenal than in epididymal white adipose tissue. mRNA signals for these proteins were detected in brown adipose tissue, however, they were too low to obtain reliable values. LPL mRNA abundance was approximately the same in epididymal and perirenal white adipose tissues, and 75±80 % lower in brown adipose tissue. The mRNA level of a housekeeping gene (b-actin) was comparable in epididymal and perirenal white adipose tissues, while that in brown adipose tissue was too low to obtain a reliable value.
Although we did not measure the total RNA level in adipose tissue in this study, extracted amounts of RNA from white and brown adipose tissues using the method of Chomczynski & Sacchi (1987) were comparable among the groups in spite of the fact that dietary fat types signi®cantly affected white pad mass. They were 362 (SD 28), 321 (SD 37), 321 (SD 17) and 275 (SD 18) mg/100 g body weight in epididymal white adipose tissue of rats fed on a low-fat diet and those fed on high-fat diets containing saf¯ower, perilla and ®sh oils respectively. A signi®cant difference (P = 0×03) was noted only between rats fed on a low-fat and high-®sh oil diets. No signi®cant differences were observed in the amount of RNA recovered from perirenal white adipose tissue (206±265 mg/100 g body weight) and brown adipose tissue (89±114 mg/100 g body weight) among the groups.
UCP 1 mRNA levels in brown adipose tissue were 150, 277 and 267 % higher in rats fed on diets containing 200 g saf¯ower, perilla and ®sh oils/kg respectively, than in those fed on a low-fat diet (Fig. 1) . Among high-fat groups, the value was signi®cantly higher in rats fed on fats rich in n-3 PUFA than in those fed on saf¯ower oil. LPL mRNA level in brown adipose tissue was signi®cantly higher in rats fed on various high-fat diets than in those fed on a low-fat diet. However, the differences among the three high-fat diet groups were not signi®cant. Typical results of Northernblotting are also presented in Fig. 1 .
Leptin mRNA level in epididymal and perirenal white adipose tissues was 80 and 100 % higher respectively, in rats fed on a high-saf¯ower-oil diet than in those fed on a low-fat diet (Fig. 2) . The perirenal white adipose tissue leptin mRNA level was slightly higher (30 %) in rats fed on a high-perilla-oil diet than in those fed on a low-fat diet. However, no other signi®cant difference in leptin mRNA level was detected between rats fed on a low-fat diet and high-perilla or -®sh-oil diet. As a result, the values became signi®cantly lower in rats fed on perilla or ®sh oil than in the animals fed on saf¯ower oil among the high-fat groups. Epididymal and perirenal white adipose tissue Glut 4 mRNA levels were more than 50 % lower in rats fed on a highsaf¯ower-oil diet than in those fed on a low-fat diet. However, mRNA level for this protein in perirenal white adipose tissue was only 28 and 32 % lower in the rats fed on high-perilla and -®sh-oil diets than in those fed on a low fat diet respectively. There was no signi®cant difference in this variable in epididymal white adipose tissue among rats fed on a low-fat diet and the high-fat diets rich in n-3 PUFA. The values both in epididymal and perirenal adipose tissues, therefore, became signi®cantly higher in rats fed on high-fat diets rich in n-3 PUFA than in the animals fed on a 200 g saf¯ower oil/kg diet. There were no signi®cant differences in LPL mRNA level among the groups in either epididymal or perirenal white adipose tissue (data not shown). There were no signi®cant differences in epididymal or perirenal white adipose tissue b-actin mRNA abundance among the groups. Typical results of Northern-blotting were also presented in Fig. 2 .
Signi®cant positive correlations (P , 0×01) were observed between epididymal and perirenal white adipose tissue weights and leptin mRNA levels in these tissues (Fig. 3) . The regression equations were y = 67×7x -13×1 (r 0×627) and y = 53×2x + 8×1 (r 0×619) for epididymal and perirenal white adipose tissues respectively. There were no signi®cant correlations between white adipose tissue weight and mRNA levels of UCP 1, Glut 4, or LPL (results not shown).
Serum triacylglycerol, cholesterol, and phospholipid concentrations were lower in the high-perilla and -®sh-oil groups than in the low-fat group (Table 4) . Serum phospholipid concentration was also lower in the high-saf¯ower-oil group than in the low-fat group. No differences in serum triacylglycerol and cholesterol concentrations were, however, seen between these two groups. Among the high-fat groups, serum concentrations of these lipid components were signi®cantly higher in rats fed on saf¯ower oil than in those fed on fats rich in n-3 PUFA. Serum glucose concentration became signi®cantly higher in rats fed on a high-saf¯ower-oil diet than in those fed on a low-fat diet. No signi®cant differences in this variable were, however, detected between rats fed on a low-fat diet and those fed on high-fat diets rich in n-3 PUFA. As a result, among the high-fat groups, serum glucose concentrations became signi®cantly higher in the saf¯ower-oil group than in the perilla-or ®sh-oil group. n-3 Fatty acids and adipose tissue mRNA level Fig. 1. (a) Effects of dietary fats on the mRNA levels of brown adipose tissue uncoupling protein 1 and lipoprotein lipase. mRNA abundance was analysed by slot-blot hybridization using duplicated membranes for each probe. We used 10 and 20 mg of total RNA to quantify uncoupling protein 1 and lipoprotein lipase mRNA levels respectively. Values are expressed relative to a value of 100 for rats fed on a low-fat diet. Values are means for seven rats, with standard deviations represented by vertical lines. Pooled standard deviations were 105 and 49 for uncoupling protein 1 and lipoprotein lipase mRNA respectively. The values for both uncoupling protein 1 and lipoprotein mRNA levels were logarithmically transformed before they were statistically analysed. Mean values with unlike superscript letters were signi®cantly different, P , 0×05. (b), (c) Typical results for Northern blotting are also presented. Amounts of total RNA analysed were the same as those used for slot-blot hybridization. Tables 1 and 2 .
Fatty acid compositions of epididymal and perirenal adipose tissue resembled each other and were similarly affected by the types of diet. Saturated and monounsaturated fatty acids were the main components of white adipose tissues in rats fed on a low-fat diet. The fatty acid compositions in white adipose tissue of rats fed on diets containing 20 % fats rich in n-6 or n-3 PUFA generally re¯ected those in dietary fat sources (data not shown).
Discussion
The present study con®rmed that mRNA levels of several adipocyte proteins involved in the regulation of lipid and glucose metabolism and energy expenditure were profoundly modi®ed by dietary fat content. Moreover, we have demonstrated that dietary fats rich in n-3 PUFA relative to saf¯ower oil rich in n-6 PUFA affect gene expression of white and brown adipose tissues in different ways. There were some differences in the energy intake among groups in the present study. It was signi®cantly higher in rats fed on a high-saf¯ower-oil diet than in those fed low-fat and high®sh-oil diets. Therefore, there is a concern that observed changes in gene expression are due to the differences in the energy intake rather than the modi®cation of nutrient composition of the diet. However, it is apparent that there is no clear-cut relationship between levels of mRNA for 180 Y. Takahashi and T. Ide various proteins and energy intake among the groups. The increase in the energy intake appears to be one factor in enhancing UCP 1 mRNA level (Falcou et al. 1985) . In spite of the fact that energy intake was the same among rats fed on a low-fat diet and those fed on high-fat diets containing perilla and ®sh oils, UCP1 mRNA level was signi®cantly lower in a low-fat group than in high-perilla and -®sh-oil diet groups. Moreover, UCP1 mRNA level in the high-saf¯ower-oil group, which showed the highest energy intake, was the lowest among the high-fat groups. mRNA level of leptin was higher and that of Glut 4 was lower in rats fed on a high-saf¯ower-oil diet than in those fed on a high-perilla-oil diet irrespective of the fact that the energy intake was the same between the two groups. All these observations indicate that observed changes in gene expression are principally due to the differences in diet composition rather than to those in energy intake.
Recent studies indicated that, compared to saturated fats and fats rich in n-6 PUFA (linoleic acid), ®sh oil rich in very-long-chain n-3 PUFA (eicosapentaenoic and docosahexaenoic acids) (Belzung et al. 1993; Oudart et al. 1997; Raclot et al. 1997; Kawada et al. 1998 ) and perilla oil rich in a-linolenic acid (Okuno et al. 1997 ) reduced white fat pad mass. We also con®rmed in the present study that both highperilla and -®sh-oil diets reduced white fat pad mass compared to low-fat and high-saf¯ower-oil diets.
It has been demonstrated that high-fat diets cause increased brown adipose tissue thermogenesis as assessed by mitochondrial guanosine 59-diphosphate binding (Mercer & Trayhurn, 1987; Oudart et al. 1997) . Also, Giraudo et al. (1994) showed that a high-fat diet increased the brown adipose tissue UCP 1 mRNA level. These results agree with the present ®nding that high-fat diets greatly increased UCP 1 mRNA levels. In addition, in the present study, we demonstrated that both ®sh and perilla oils rich in n-3 PUFA increased brown fat UCP 1 mRNA level more than saf¯ower oil rich in n-6 PUFA. It is plausible therefore that dietary n-3 PUFA increase non-shivering thermogenesis in brown adipose tissue through the enhancement of UCP 1 gene expression and hence reduce body fat content. A lack of a signi®cant correlation between brown fat UCP 1 mRNA level and white adipose tissue mass, in the present study, may not be consistent with this assumption. In this context, there is the possibility that dietary fat content and types may also affect expressions of UCP 2 and 3, which are expressed in tissues other than brown adipose tissue and may play a crucial role in regulating energy expenditure (Fleury et al. 1997; Gong et al. 1997; Matsuda et al. 1997 ).
An increase of brown adipose tissue UCP 1 mRNA level by dietary n-3 PUFA is expected to accompany the increased amount of the translational product and hence enhance thermogenesis in this tissue. Kawada et al. (1998) compared the effects of lard, ®sh, linseed, and perilla oils added to a commercial diet at the level of 100 g/kg on brown adipose tissue UCP 1 content. After feeding these experimental diets for 9 weeks, brown adipose tissue UCP 1 content measured by Western blotting was signi®cantly higher in rats fed on a ®sh-oil diet than in those fed on a lard diet. Although the differences were not signi®cant, the variable tended to be higher in rats fed on linseed-and perilla-oil diets than in those fed on a lard diet. In another study, Oudart et al. (1997) showed that brown fat mitochondrial guanosine 59-diphosphate binding is higher in rats fed on high-fat diets (200 g/kg diet) rich in n-3 PUFA either as ethylesters of eicosapentaenoic or docosahexaenoic acid than in those fed on a high-fat diet or a low-fat diet devoid of n-3 PUFA after 4 weeks of the experimental period. They could not, however, demonstrate any difference in brown adipose tissue UCP 1 content among the groups. Therefore, the authors suggested that dietary n-3 PUFA do not increase UCP 1 mass but cause unmasking of guanosine 59-diphosphate binding site of the protein. The reason for such discrepancy between these studies is not clear at present. Since there is the possibility that increased mRNA level does not necessarily accompany the corresponding increase in the translational product, further studies to clarify the effect of n-3 PUFA on brown adipose tissue UCP 1 mass are still required. 181 n-3 Fatty acids and adipose tissue mRNA level Raclot et al. (1997) showed that reduction of retroperitoneal white fat cell weight by ®sh oil or ethylesters of eicosapentaenoic and docosahexaenoic acids accompanied the decreases in mRNA levels of several proteins expressed in this tissue. Okuno et al. (1997) indicated that perilla oil causes prevention of the adipose tissue growth suppressing the expression of the genes responsible for the late phase of adipocyte differentiation. However, their results did not provide the answer to the question on how extra energy is consumed to attenuate body fat accumulation in rats fed on n-3 PUFA.
Amount and type of dietary fat affect lipogenic activity not only in the liver but also in white adipose tissue (Nelson et al. 1987; Benhizia et al. 1994) . A low-fat diet stimulates activity and mRNA level of fatty acid synthase in white adipose tissue, and they are down-regulated by increasing fat content in diet. Fish oil, compared to lard and corn oil, is more effective in decreasing these variables (Benhizia et al. 1994) . Therefore, alteration in lipogenic activity in white adipose tissue together with up-regulation of brown adipose tissue UCP 1 gene expression can be regarded as one factor accounting for the physiological activity of n-3 PUFA in reducing white pad mass.
Leptin, the ob gene product, is highly expressed in adipocytes and acts on the hypothalamus to regulate satiety and energy balance. Leptin infusion has clearly been demonstrated to reduce food intake and body weight in rodents (Zhang et al. 1994; Camp®eld et al. 1996) . It has been demonstrated that high-fat diets increase gene expression of leptin in white adipose tissue obtained from various fats pads in rats Collins & Surwit, 1996; Rousseau et al. 1997) . It is reasonable to consider that this may represent a compensatory mechanism of the animals to control energy intake by reducing food intake in response to increased energy density of the diet. However, little attention has been paid to dietary fat types in evaluating leptin gene expression in these studies. In the present study, a high-saf¯ower-oil diet doubled the leptin mRNA level in white adipose tissue, however, signi®cant increases were not detected with high-fat diets rich in n-3 PUFA. Therefore, in the light of the present observations, a consensus that high-fat diets increase gene expression of leptin in white adipose tissue requires re-evaluation. Raclot et al. (1997) showed that 200 g fat/kg diets containing ®sh oil or ethylesters of eicosapentaenoic and docosahexaenoic acids relative to a control diet containing 200 g fat mixture/kg (mainly composed of oleic, palmitic and stearic acids) reduced leptin mRNA level in retroperitoneal white pad. Their study also supports the consideration that not only the fat content but also fat types in diet affect white adipose tissue leptin mRNA level. No correlation was observed between the leptin mRNA level and amounts of diet consumed or the energy intake in the present study. It has been demonstrated in studies with human subjects that a positive correlation exists between body fat mass and serum leptin concentration (Camp®eld et al. 1996; Takahashi et al. 1996; Qureshi & Kopelman, 1997) . These results indicated that most human obesity is not due to a de®ciency of leptin. The result of the present study in rats demonstrated a signi®cant positive correlation between leptin mRNA level and white pad mass. It is therefore suggested that alterations in leptin mRNA level in the present study merely re¯ect those of fat pad mass but do not represent the speci®c effect of dietary fat types.
It has been demonstrated that high-fat feeding reduces the protein content and mRNA level of Glut 4 in white adipose tissue and muscle (Pedersen et al. 1991; Kahn, 1994; Sevilla et al. 1997) . Down-regulation of Glut 4 gene expression may account for the reduction in the insulin-dependent glucose uptake in these tissues of rats fed on a high-fat diet. In these studies, however, little attention has been paid to whether dietary fat types affect Glut 4 gene expression. The present study con®rmed that, compared to a low-fat diet, a highsaf¯ower-oil diet profoundly reduced Glut 4 mRNA levels in epididymal and perirenal white adipose tissues. The reductions were, however, attenuated with high-fat diets rich in n-3 PUFA. It is apparent therefore that dietary fat types affect the gene expression of this protein. There is evidence indicating that dietary ®sh oil reduces the blood glucose level (Huang et al. 1997) , improves glucose tolerance (Miura et al. 1997) , and stimulates insulin-dependent glucose transport and metabolism in isolated adipocytes (Ezaki et al. 1996; Luo et al. 1996; Huang et al. 1997) . We observed in the present study that a high-saf¯ower-oil diet increased serum glucose concentration relative to a low-fat diet, but was not increased by high-fat diets rich in n-3 PUFA. Alterations in white adipose tissue Glut 4 gene expression observed in the present study may therefore account for the physiological activity of n-3 PUFA in regulating glucose metabolism.
In conclusion, we demonstrated that, compared to saf¯ower oil rich in linoleic acid, dietary perilla and ®sh oils rich in n-3 PUFA affect the mRNA levels of proteins that regulate adipose tissue metabolism in a different manner. The results of the present study therefore suggested that not only the fat content but also the fat types are the critical determinant in regulating mRNA levels in adipose tissue. The observed changes may account for some of the physiological activities of n-3 PUFA in rats.
